Total maximum daily load (TMDL) studies determine the amount of contaminant(s) that can be discharged daily from point (waste load allocation -WLA) and nonpoint (load allocation -LA) sources including a margin of safety (MOS) and then layout the path for achieving these levels by reductions in loadings. This has caused environmental agencies to require best management practices (BMPs) for control of urban stormwater contributions. Design storms for volume-based and peak discharge BMPs are typically determined from historic precipitation and runoff records that do not adequately address the impacts of climate change. We examine a 10-year period of predicted flows in the Spokane River watershed under 2050 climate predictions to determine the amount of additional LA removal required to meet water quality goals. While the current TMDL proposes a 50% reduction of nonpoint loading, our results indicate this will not be adequate. The implication is that urban BMPs are currently inadequately designed to handle nonpoint pollution in areas projected to experience increased precipitation events. The problem is particularly acute for rain on snow events where BMP performance is already impaired.
INTRODUCTION
In the United States, under section 303(d) of the Clean Water Act, states are required to create pollution budgets and reduction plans for waters not meeting beneficial use standards [1] . These total maximum daily load (TMDL) studies determine the amount of contaminant(s) that can be discharged daily from point (waste load allocation -WLA) and nonpoint (load allocation -LA) sources including a margin of safety (MOS) and then layout the path for achieving these levels by reductions in loadings. Stormwater runoff from impervious urban and suburban development can contribute to significant degradation of streams and rivers [2] . Since many TMDL studies have been performed using steady state models such as QUAL2Kw [3] [4] [5] [6] , owning to the fact that point sources were historically identified as both the main source and the main opportunity, properly accounting for stormwater pollution has not been adequately addressed. Previous studies have shown that low flow analysis do not necessarily capture the largest inputs of nutrients [7] . The likely result is that stormwater best management practices (BMPs) may not be properly accounted for in the pollution budget. This is especially true when considering the impacts of climate change on future precipitation events.
Design storms for volume-based and peak discharge BMPs are typically determined from historic precipitation and runoff records that do not adequately address the impacts of climate change. The stakes are immensely important as overdesigning BMPs wastes money but undersizing BMPs is not protective of the environment and potentially leads to more expensive solutions in the future.
This study used the Spokane River Basin in northeastern Washington, USA as the basis for evaluating the hypothesis that climate change should be factored into BMP designs when planning LAs. We examine a 10-year period (1999-2009) of predicted flows in the Spokane River watershed under 2050 climate predictions to determine if additional LA removal will be required to meet water quality goals. This study modified an existing U.S. Army Corps of Engineers CE-QUAL-W2 model [8] to simulate hydrology and water quality with particular attention to flow, phosphorus, nitrogen, dissolved oxygen, and river temperature. The original model was used to develop the Spokane River dissolved oxygen TMDL based on a 2001 lowflow analysis [9] . By calibrating and applying the model for an extended period, we were able to better predict the nutrient dynamics under varying a variety of flow conditions and facilitate investigation and decisions regarding permissible nutrient levels that include a variety of hydrologic conditions. Implications to BMP design were discussed.
BACKGROUND
The Spokane River watershed is located in northeastern corner of the State of Washington, USA (Fig. 1) . As a result of low summer flow conditions, sections of the river have been listed as impaired including Long Lake, which has dissolved oxygen (DO) concentrations below beneficial use standards. In order to attain the DO requirement, significant reductions in nutrient loadings much be achieved. In the U.S., this is done through WLA. WLA is the pollutant load allocated to current and future point sources (including Municipal Separate Storm Sewer System (MS4) and other permit-recognized nonpoint sources). It is part of the TMDL calculation according to:
where LA are additional nonpoint sources, RC is reserve capacity for future growth, and MOS is margin of safety. Since TMDLs are typically triggered when water quality impairment has been identified, WLAs often require some amount of reduction in current loading, Figure 1 : Spokane River Bain in Northeastern Washington State, USA [7] .
which may involve installation of costly new or improved treatment systems or nonpoint source BMPs. LA reduction is done primarily through implementation of stormwater BMPs such as detention ponds, constructed wetlands, grassy swales, and other control devices [10] . BMPs typically fall into one of two categories depending on whether sizing is controlled by flow rate or flow volume. The Washington State Department of Ecology and the Washington Department of Transportation recommend using a 3-hour short-duration storm distribution for flow-based BMPs and a 30-hour long-duration storm hyetograph for volume-based BMPs in the Spokane, Washington area [11] . These storms durations are the result of a large collaborative effort between various stormwater entities in eastern Washington. The return interval (e.g. 0.5, 2, 5, 10, 25, 50, 100, PMF) varies depending on the nature of the structure and the goal (quality vs quantity) of the BMP. The concerning feature of this is that Washington's isopluvial maps are based on NOAA Atlas 2, Volume 9 published in 1973 [12] . Thus, BMPs are being designed ignoring more than 40 years of climate induced precipitation changes.
Accurately downscaling precipitation forecasts for future climate scenarios is an extremely challenging pursuit given the high temporal and spatial variability of rainfall [13, 14] . As a result, we did not attempt to redefine the isopluvial maps and conduct a microscale analysis of individual BMPs for this project. Instead, we examined large-scale nonpoint source loading under present and future scenarios and inferred this to BMP design requirements.
3 METHODOLOGY This study modified the CE-QUAL-W2 model [12] to simulate hydrology and water quality over a 10-year historic period (1999-2009), with particular attention to flow, phosphorus, nitrogen, dissolved oxygen, and river temperature. The model consisted of 188 longitudinal segments and an average of nearly 20 layers in vertical direction. The flow portion of the model was calibrated/validated using existing USGS gaging stations and known reservoir levels. In addition to the main flow entering from Post Falls Dam, tributary inflows from Hangman Creek, Little Spokane River, Coulee Creek, and wastewater discharges from the area were added. As the majority of dams on the river represented so-called 'run of the river facilities', few adjustments had to be made for changing reservoir storage levels. Groundwater interactions, although significant sources/sinks of water, were assumed to be constant through each simulation year.
Once the model successfully reproduced the flows of the 10-year period, water quality portion of the model was calibrated and validated using available data. Concentration data from State monitoring activities and reported Waste Water Treatment Plant discharges were used to examine the predictive capabilities of the model.
The impacts of climate and population change were then added to the model. The 2050 model runoff scenarios were developed using flow projections developed by the Climate Impacts Group at the University of Washington. Efforts were made to use the latest data available for this study. So, while meteorological data were available from CMIP5 models for RCP4.5 and RCP8.5 scenarios, flow projections were not yet completed. Therefore, CMIP3 flow data for B1 scenario were used in combination with CMIP5 meteorological data for the RCP4.5 scenario, while CMIP3 flow data for A1B scenario were used with CMIP5 meteorological data for the RCP8.5 scenario. Such a combination provided a better job of bracketing the range of plausible future greenhouse gas forcing in the Pacific Northwest.
Stream temperatures at the boundary conditions (WA-ID Stateline, Hangman Creek, Little Spokane River, and Coulee Creek) for the projected time scale (2041-2050) were estimated from available air temperature projections. Previous studies have demonstrated this relationship is well described by a continuous S-shaped function [15] . Spokane River and its tributaries (Hangman Creek and Little Spokane River) generally do not experience freezing temperatures. To take this into account, a parameter µ was added to represent the estimated minimum stream temperature to produce:
where T s is the estimated stream temperature, T a is the measured air temperature, α is the estimated maximum stream temperature, γ is a function of the slope at the point of inflection, and β represents the air temperature at the inflection point. Changes were also made to account for population growth. According to the State Office of Financial Management forecasts, the population in Spokane County will increase from 441,600 persons in 2005 to more than 593,000 by 2040. Discharge data at Spokane WWTP was collected from the City of Spokane to understand the change in flow rate with changing population and operation practice. When compared, it was seen that there was a clear increase in average flows from Spokane WWTP (1.4 m 3 /sec in 1980s, 1.7 m 3 /sec in 1990s, 2.0 m 3 /sec in 2000s; an increase of approximately 20% per decade). It was important to look at the projected population that will be served by the WWTP, and not just the overall population increase in the area. Subsequently, the population trend and discharge trends were used to come up with the estimates for WWTP discharges for 2041-2050 -which was 6.8-7.0 m 3 / sec. The discharge estimated for 2025 using the same trends was 2.6 m 3 /sec, which was close to the estimate of 2.8 m 3 /sec given by the Spokane County. This provided a check for the 2041-2050 estimates used in this study.
RESULTS AND DISCUSSION
Although most climate models predict a modest increase in precipitation over the entire Pacific Northwest, model projections for the Spokane watershed show fairly large percentage increase particularly during the winter months. In examining these results we concluded that rain (due to temperature increases) in winter months rather than snow disproportionately skewed percentage increases during the December to March time frame (see Table 1 ). Historically these were relatively low flow months with snow generating large May and June runoff events. Over a 10-year simulation period, Fig. 2 illustrates the serious magnitude of the flow increases.
Water temperature at surface in the Spokane River and Long Lake, as seen from climate change scenario simulations, is expected to increase during 2040-2050 due to the projected increase in air temperature. Figure 3 illustrates the projected stream temperatures at the Spokane River at Spokane gage. Compared to the baseline scenario, water temperature at river locations is expected to increase by about 0.6°C-0.8°C for the high and low emission scenarios during 2040-2050; while at Long Lake, the increase is about 1.8°C-2.2°C. Figure 4 compares the projected average monthly water temperatures at the Spokane River at Spokane gaging location. As illustrated, results indicate temperatures generally increased in all months. These increases led to additional violations of the stream temperature standards. Violation of the temperature criteria under climate change impacts was also apparent from vertical plots at a number of other reaches along the study corridor. As expected, the vertical profiles indicated that surface temperatures were warmer than average temperature exacerbating the problem. Similarly, Fig. 5 illustrates the changes in average monthly dissolved oxygen concentrations at the same location as Fig. 4 . While winter months indicate slightly improved DO concentrations as a result of future climate change, the critical summer period concentrations are nearly the same (in July) or slightly worse (in August). The daily fluctuations (shown in Fig. 6 ) more clearly demonstrate the variability and potential problems associated with low dissolved oxygen concentrations as several additional low concentration periods are predicted. For the winter period, snowmelt impacts overcome the slight increase in air temperature and DO is improved. However, during the summer, the increases in stream flow are offset by the impacts of warmer air temperatures.
In fact, average concentrations during late summer are very close to the DO standard. Statistical analysis showed the dissolved oxygen concentration differences between the baseline and climate scenarios at different river locations were statistically significant (0.05 significance level, p < 0.005) but were not for concentrations in Long Lake (p > 0.1). This implies the issue with low DO at Long Lake during the summer will persist in the future. Oxygen at depth seemed to suffer as well (see Fig. 7 ) presumably due to increased temperature reducing oxygen flux from the atmosphere and higher algal activity shown in Fig. 8 . The TMDL developed for the Spokane River calls for a 50% reduction in nutrient loading from nonpoint sources. Simulation results from this investigation indicate that this will not be sufficient to protect aquatic species dependent on dissolved oxygen for survival. The number and size of stormwater BMPs in the watershed need to be increased to account for the additional flow. While not all regions of the Pacific Northwest are expected to see increases in climate-induced precipitation, it seems important to plan and design future BMPs with additional capacity to meet water quality objectives.
CONCLUSIONS AND RECOMMENDATION
Design of stormwater BMPs taking climate change into consideration remains a challenging task. While our approach was different than other studies [14, 16] , the wide variability was similar. A 2011 study by Forsee and Ahmad found that 6-hour, 100-year precipitation depth varied from a reduction of 30% to an increase of 300% depending on the model used. In our study, runoff amounts increased from 4.5% to 235%. While in some cases this resulted in lower concentrations, total loads (concentration × flow) were still high and the associated increase in algae production detrimentally impacted dissolved oxygen concentrations during die-off. However, despite the variability, it is readily apparent that BMPs must be sized to treat additional volumes and increased peak discharges of flow. The precise magnitudes of these increases still needs further study as the consequences are significant. At the high end, BMPs would need to be more than double their size to treat 235% more runoff.
One additional challenge that needs to be addressed is the wintertime shift in large rainon-snow runoff events. Many existing BMPs do not function well (or at all) during dormant vegetation periods. Infiltration, stormwater inlets, and wetland vegetation all have significant challenges during winter months. The cycling of nutrients in lakes, however, means that stormwater controls must be effective for all stormwater design events.
More research is still needed to reduce the uncertainty of downscaled precipitation forecasts and frequency analysis. However, this study indicates that additional stormwater control is not adequately accounted for in historic analysis of flow conditions.
